Abstract: Eleven decked bulb T beams were constructed, instrumented, and tested under shear loading to failure. Nine beams were reinforced and prestressed with carbon-fiber composite cable (CFCC) strands, whereas one beam was prestressed with conventional lowrelaxation steel strands and one beam was reinforced with non-prestressed CFCC strands. Half the span of each beam was reinforced with CFCC stirrups, whereas the other half was reinforced with conventional steel stirrups. Both ends of each beam were tested to evaluate the performance of CFCC stirrups versus that of steel stirrups. The investigation addressed the shear performance with respect to several shear parameters, including shear-span-to-depth ratio, stirrup spacing, prestressing force, and type of longitudinal and transverse reinforcement. All test beams failed by crushing of concrete in either the web or the top flange. No rupture of CFCC stirrups was experienced in any of the test beams. The performance of CFCC stirrups was analogous to that of steel stirrups with the exception that steel stirrups demonstrated a yield plateau before concrete failure. Beam ends with CFCC stirrups attained cracking and ultimate shear capacities similar to those attained in ends with steel stirrups. Results from the experimental investigation were compared with the theoretical values predicted using some available shear design guidelines for steel and CFCC reinforcement. In addition, modifications for current AASHTO LRFD shear design equations and its possible implementation in the ACI shear design guidelines are proposed based on the experimental results.
Introduction
Reinforced/prestressed concrete members are provided with steel stirrups to enhance their shear capacity. However, corrosion of steel stirrups is a common problem in regions with harsh environmental conditions and in cold regions where deicing agents are used frequently. In comparison with steel structures, where effects of corrosion are outwardly noticeable, it is much harder to inspect and maintain internally corroded reinforced/prestressed concrete structures. Corrosion of steel stirrups leads to spalling of the concrete cover, accelerated deterioration, and overall structural deficiency to resist traffic loads.
Carbon-fiber-reinforced polymer (CFRP) materials have emerged as a viable and effective alternative to steel reinforcement because of their noncorrosive nature, potential durability, and high strength-to-weight ratio. Although there is a higher initial cost of construction using FRP materials as a primary reinforcement, life-cycle cost analysis has proven that the overall cost, including maintenance and replacement costs, are much lower (Eamon et al. 2012; Grace et al. 2012b ). Numerous studies have addressed structures internally reinforced or prestressed with longitudinal CFRP reinforcement (Grace et al. 2012a (Grace et al. , 2013a . However, the use of CFRP materials as shear reinforcement in the form of stirrups has not been thoroughly evaluated. The shear transfer across the member is complex and depends on the interaction between the concrete and the reinforcing material. In addition, previous research studies (El-Sayed et al. 2007) have reported that there is a significant reduction in the ultimate tensile strength of CFRP stirrups attributable to bend effects. This reduction is attributed to the kinking effect and the diminished strength of FRP in the transverse direction of the fibers. Consequently, ACI 440 Committee (ACI 2006) highlights factors such as bend radius, bending process, bar diameter, and type of FRP material as major factors influencing the shear capacity of members reinforced with FRP stirrups. Joint ASCE-ACI Committee 445 (1998) for shear and torsion identifies the most important parameters governing the shear capacity as (1) depth of member or size effect, (2) shear-span-to-depth (a=d) ratio and supporting conditions, (3) type of longitudinal reinforcement, (4) axial force or level of prestressing, (5) compressive strength of concrete, and (6) stirrup spacing. However, various research investigations disputed the influence of some of these parameters. For instance, Kuchma et al. (2001) and Ramirez and Aquilar (2005) reported that the increase in the shear strength is not always proportional to the increase in concrete strength. Ramirez and Aquilar (2005) reported that the increase in concrete compressive strength from 90 to 103 MPa (13 to 15 ksi) had minimal effect on the shear strength of reinforced concrete beams containing the same amount of both longitudinal and shear reinforcement. They suggested that the nonproportional increase in the shear strength with the increase in concrete compressive strength was attributed to the formation of smoother shear cracks in high-strength concrete members, which reduced the effectiveness of the interface shear transfer mechanism. Tuchscherer et al. (2011) reported that the shear capacity of a member varies by varying the location of the load with respect to the support or, in other words, with respect to a=d ratio. Furthermore, Zsutty (1971) classified the beams as deep or short beams with a=d ratio smaller than 2.5 and slender beams with a=d greater than 2.5. The shear behavior is believed to be governed by the beam action in slender beams and by the arch action in deep beams. El-Sayed et al. (2006a, b) and Razaqpur et al. (2011) reported the effect of a=d on the shear resistance of FRP-reinforced concrete members without transverse reinforcement, and suggested that the shear-moment interaction influenced both the shear capacity and the mode of failure.
ACI Committee 318 (ACI 2011) recognizes the effect of a=d ratio in beams with steel stirrups by including the shear-moment ratio in the calculations of the concrete shear resistance. However, ACI Committee 440 (ACI 2004 (ACI , 2006 neglects the effect of a=d ratio or the shear-moment ratio while calculating the concrete shear resistance of beams provided with FRP stirrups. This non-inclusion results in a conservative approach leading to underestimation of the concrete shear capacity and stresses the requirements for higher transverse shear reinforcement ratio, which in turn leads to congested section and concrete confinement issues.
On the other hand, the pretensioning force in prestressed concrete members also affects the shear performance of the member to a certain degree by delaying the initiation of inclined cracks and improving the aggregate interlock and the shear transfer mechanism. Zwoger and Seiss (1954) reported that addition of prestressing force increased the cracking load and thus extended the range of elastic action of the section under loading. Also, average shearcracking angle is lower in prestressed members when compared with that in non-prestressed members. The shear cracking angle influences the number of stirrups involved in transferring the applied shear force across the crack. Although shear design guidelines for beams with steel stirrups consider the effect of prestressing force on the shear resistance of the member (AASHTO 2012), current ACI 440.4R-04 (ACI 2004) shear design guides for FRP prestressed concrete structures do not include a provision for that effect. Ahmad et al. (2008) evaluated the performance of 9.5-mm (0.37-in.) diameter CFRP stirrups with a center-to-center spacing of 300 mm (12 in.) in two large-scale New England Bulb T-beams. The beams were tested in four-point bending over a simply supported span of 6.0 m (16.7 ft), and test results were used to verify the shear design provision in the Canadian Highway Bridge Design Code (CSA 2006) . Ahmed et al. (2010) also provided the test results of four reinforced concrete beams with CFRP stirrups. They noted that the current ACI 440.1R-06 design method provided conservative predictions. However, CAN/CSA S6-06 (2006) and JSCE (1997) underestimated the contribution of the FRP stirrups due to the low strain limits.
With the decrease in longitudinal reinforcement ratio, there is a corresponding increase in the flexural stresses and strains, which leads to wider cracks and ultimately results in lower shear capacity of the section. Kuchma and Collins (1998) reported that concrete members with longitudinal reinforcement distributed over their height exhibited a better control over the shear crack width and a remarkable improvement in the shear capacity of the section. Saqan and Frosch (2009) also reported the increase in the shear capacity of the member with the increase in longitudinal reinforcement ratio. In addition, Razaqpur and Spadea (2014) suggested that out of different available design guidelines, the Canadian Standard for design and construction of building structures with FRPs yields the most accurate and consistent shear design method.
The current manuscript represents part III of a series of publications aiming at developing comprehensive design guidelines for highway decked bulb T-beams with CFRP reinforcement. Parts I and II (Grace et al. 2012a (Grace et al. , 2013b addressed the flexural performance, whereas this part addresses the shear performance. It aims at filling some of the gaps in the shear design guidelines for members prestressed/reinforced with carbon fiber composite cable (CFCC) strands and stirrups. An experimental investigation accompanied by an evaluation for some available shear design guidelines was conducted.
The two most recognized approaches in the shear analysis and design are the simplified approach and the modified compression field theory (MCFT). Both approaches were developed based on the principles of mechanics and used available experimental data to justify all necessary assumptions. The simplified approach uses a wide set of assumptions and empirical relationships that were developed over time and verified against the results of experimental investigations. The MCFT, on the other hand, uses less assumptions but tends to be more complex and less practical. Because of the complexity of the topic and the remarkable discrepancies in both shear design approaches, the current manuscript only addresses the simplified approach. Full analysis and handling of the MCFT is reserved for a future publication.
Experimental Program
The experimental program was executed through two phases. In phase I, small-scale test specimens were prepared and tested to evaluate the bend effect and the bend strength of CFCC stirrups. In phase II, 11 decked bulb T-beams with steel and CFCC stirrups were tested to failure under shear loading setup. The shear test in phase II evaluated a=d ratios of 3, 4, 5, and 6; prestressing levels per beam of 0, 320, 444, and 587 kN (0, 72, 100, and 132 kip); and stirrup spacing of 102, 152, and 203 mm (4, 6, and 8 in.) . The beams were provided with CFCC stirrups through half of the span and steel stirrups through the other half. Both ends of each beam were tested to failure. Nine beams were prestressed with CFCC strands, one beam with steel strands, and one beam was nonprestressed with CFCC strands. In addition, one of the CFCC prestressed beam was provided with no stirrups within the critical shear span. The outcome of the experimental investigation was compared with the theoretical predictions according to available design guidelines [ACI 440.1R (ACI 2006 ), ACI 440.4R (ACI 2004 ), and AASHTO 2012 , and a modification is proposed to update the current AASHTO LRFD and ACI 440 shear design equations to effectively predict the shear capacity.
Phase I: Bend Strength of CFCC Stirrups
The bend strength of FRP stirrups were evaluated using B.5 test method of ACI 440.3R (ACI 2012) and E.531 test method of JSCE (1997) . As shown in Table 1 and Fig. 1 , two groups of test specimens with different bend configurations were prepared and tested.
Specimens in group I were tested according to B.5 test method of ACI 440.3R-12 and included specimens with bend radii of 57.2 mm (2.25 in.) and 159 mm (6.25 in.), and nominal strand diameters of 12.5 mm (0.5 in.) and 15.2 mm (0.6 in.). Each specimen consisted of U-shape CFCC stirrups with the bend portion embedded in a concrete block. The straight portion of CFCC stirrup was debonded within the concrete block. Five specimens were tested for each bend radius-to-diameter (r b =d b ) ratio. Transverse steel reinforcement was provided at a center-to-center spacing of 76 mm (3.0 in.) in the concrete blocks to avoid splitting of concrete prior to failure of the CFCC stirrups. The initial distance between the two concrete blocks was adjusted to 508 mm (20 in.) and was gradually increased by pushing the two concrete blocks apart using a hydraulic cylinder until the specimens failed.
Specimens in group II were tested according to E.531 test method of JSCE-97 and included specimens with bend radii of 25.4, 30.5, and 50.8 mm (1.0, 1.2, and 2.0 in.) and nominal strand diameters of 12.5 and 15.2 mm (0.5 and 0.6 in.). The specimens consisted of L-shape CFCC stirrups with the bend portion embedded inside a concrete block. The straight portion of the CFCC stirrup within the concrete block was debonded. The specimens were subjected to uniaxial pullout tensile load using a hydraulic jack system on the straight leg of the stirrup.
The test results from both test groups were compared with the strength reduction factors provided in Eq. (5-5) of ACI 440.4R-04 and Eq. (7-3) of ACI 440.1R-06 guidelines, reproduced as Eqs. (1) and (2), respectively.
where f fb = design tensile strength of FRP bend stirrup, MPa (psi); r b = radius of bend, mm (in.); d b = diameter of reinforcing strand, mm (in.); and f fu = design tensile strength of FRP straight stirrup, MPa (psi). Table 1 shows summary of the average experimental results for both test groups. The embedment length of the CFCC stirrups in group I specimens was not sufficient to promote failure in the bend portion. Therefore, test specimens in group I failed because of slippage of CFCC bonded part (tail length and bend portion) with no rupture in the bend portion. Group II specimens failed because of rupture of CFCC stirrups at the end of the debonded length near the bend portion inside the concrete block. It was observed that the bend strength of CFCC stirrups increased with the increase in the bend radius. For instance, the ratios between the failure strength and ultimate CFCC strength for group I specimens were approximately 39, 42, 53, and 62% for stirrups with r b =d b ratios of 3.8, 4.6, 10.5, and 12.7, respectively. Similarly, the strength ratios were approximately 48 and 57% for stirrup with r b =d b ratios of 2.0, and 3.3, respectively.
More importantly, the test results showed that even with the lowest r b =d b ratio, failure of the bend portion of CFCC stirrup is an unlikely event. For instance, the lowest strength reduction factor was approximately 38%, for r b =d b ratio of 2.0 in group II specimens. Considering a maximum CFCC strain of 1.8%, the failure strain for stirrups with r b =d b ratio of 2.0 is approximately 0.68%. However, different shear design guidelines and research reports specifically state that the concrete section loses its integrity and its shear load carrying mechanism long before the stirrups can attain this much strain. The least conservative guidelines specify 0.4% as the limiting strain of stirrup before concrete failure (ACI 440.1R-06), whereas more conservative guidelines allow stirrup strain of no more than 0.2% before concrete failure (ACI 440.4R-04). On the other hand, AASHTO (2012) specifications limit the strain in the stirrups to 0.35% regardless of the material type. Fig. 2 shows the cross section and reinforcement configuration of the test beams. Nine beams had an effective span of 9.45 m (31 ft), whereas two beams had an effective span of 12.2 m (40 ft). The longitudinal prestressed and non-prestressed CFCC strands had a nominal diameter of 15.2 mm (0.6 in.), apparent cross-sectional area, by immersion test, of 147 mm 2 (0.23 in:
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2 ), and effective cross-sectional area of 116 mm 2 (0.18 in: 2 ). The guaranteed capacity of CFCC strands was 270 kN (60.7 kip) as recommended by the manufacturer. A total of 11 beams were constructed. Nine beams were prestressed with CFCC strands. The initial prestressing force per strand was adjusted to 80 kN (18 kip) in one beam, 111 kN (25 kip) in six beams, and 147 kN (33 kip) in two beams. These prestressing levels represented 30, 41, and 54% of the guaranteed CFCC strand capacity, respectively. As each beam was prestressed with four prestressing strands, these prestressing levels corresponded to a total initial effective prestressing force per beam of 320, 444, and 587 kN (72, 100, and 132 kip), respectively. In addition, one more beam was reinforced with CFCC strands with no prestressing, and another beam was prestressed with conventional low relaxation steel strands with a diameter of 15.2 mm (0.6 in.) to an initial prestressing level of 587 kN (132 kip Through the rest of the manuscript, the beams are referred to with acronyms indicating multiple characteristics. The acronyms include letters and numbers. The first letter and number refer to the type of the longitudinal reinforcement (S for steel and C for CFCC) and the level of prestressing force in kips [0, 72, 100, or 132 kip (0, 320, 444, or 587 kN) ], respectively. The second letter and number refer to the transverse reinforcement (S for steel stirrups and C for CFCC stirrups) and the stirrup spacing in inches [4, 6, or 8 in. (102, 152, or 203 mm) ], respectively. The last number refers to the a=d ratio (3, 4, 5, or 6). For example, Beam C100-S6-4 is a beam prestressed longitudinally with CFCC strands to a level of 100 kip, provided with steel stirrups at spacing of 6 in., and loaded at a distance equal to 4d from the support, where d is the effective depth of the beam. Detailed prestressing, construction, and curing techniques of the beams can be found in Grace et al. (2012a) and Rout (2013) . The concrete compressive strength averaged 44 MPa (6.4 ksi) at the time of prestress transfer and 62 MPa (9 ksi) after 28 days.
Instrumentation and Test Setup
Each beam end was instrumented with approximately 60 strain and deflection sensors. Linear strain gauges were attached to all longitudinal prestressing and non-prestressing strands under the loading point. Strain gauges were also attached to the surfaces of the top and bottom flanges and to the flange sides as well. Linear and rosette strain gauges were attached to the web of the beam within the shear span. Linear variable differential transducers (LVDTs) were mounted on the web within the shear span at angles of 0, 45, and 90°. Linear motion transducers (LMTs) were attached to the soffit of the beam under the loading point and at the midspan to record deflection. In addition, each stirrup in the shear span was instrumented with two strain gauges on the vertical leg. Typical layout for the sensors within the shear span is shown in Fig. 3 . It was not feasible to accommodate all recorded data in the current manuscript. Therefore, only data relevant to the discussion will be presented. The rest of the data will be discussed in future publications.
All beams were simply supported over two reinforced neoprene bearing pads and were loaded by a 1,000-kN (220-kip) hydraulic actuator. The load was applied as a concentrated load at a distance a from the center of the support. The distance a was taken as 1.1, 1.5, 1.9, and 2.2 m (45, 60, 75 and 85 in.) , which corresponded to approximate a=d ratios of 3, 4, 5, and 6, respectively.
As shown in Fig. 4 , the testing scenario for each beam was executed through two stages. First, beam ends with CFCC stirrups was loaded under shear loading setup to failure. At this stage of testing, the beam was simply supported over its effective span either 9.45 or 12.2 m (31 or 40 ft), and the load was applied at the distance a from the center of the support. After failure, the beam was rotated and the other end, with steel stirrups, was positioned under the loading actuator. To eliminate the already-failed portion of the beam, the far support was located under the first interior diaphragm rather than under the end of the beam. Therefore, the effective span was shortened to 23 or 33 ft for beams with original effective spans of 31 and 40 ft, respectively. The second beam end was then tested under the same shear loading setup, with the same a=d ratio to failure. In both stages of testing, the load was applied through incremental loading/unloading cycles and the crack map was plotted and updated at every load cycle.
Test Results and Discussion
To facilitate comparison with shear design guidelines, the results presented herein relate the response of the beams to the shear force rather than the applied load. The shear force is the reaction at the near-load support attributable to the applied load. The results of the investigation are summarized in Table 3 , which shows the cracking shear force; ultimate shear force with the corresponding under-load deflection; and the maximum recorded strain in the concrete top flange, the stirrups, and the longitudinal reinforcement; whereas Figs. 5-10 show the crack map for each test beam along with the approximate cracking angle for the major cracks. The figures also show the beams after failure to establish the relationship between the crack map and the failure mode. The cracking shear force was obtained visually by inspecting the beam with every load cycle and was established through the load-deflection curves. As shown in Fig. 11 , a typical loaddeflection curve for the test beams was characterized by the change in slope with the onset of cracks. The cracking shear force was obtained from the figure by detecting the force level where the two slopes of envelope for the load-deflection curves intersected.
Overall, the variation in the stirrup material (steel and CFCC) did not influence the cracking or maximum shear capacity of the test beams. The recorded concrete strain at failure at the top flange, on the stirrups, and on the longitudinal CFCC strands did not vary significantly between beam ends with steel stirrups and those with CFCC stirrups. It can be concluded that, although the stirrups, either steel or CFCC, were actively participating in the shear loading mechanism, they did not govern the failure mode. Rather, the failure occurred because of the collapse of the concrete portion, which led to the failure of the shear loading mechanism. This was confirmed from the inspection of stirrups after failure. The CFCC stirrups did not experience any rupture and, although the steel stirrups yielded long before the failure, they continued to support the assigned load until the shear strain exceeded the strain required to maintain the integrity of the section and preserve a reasonable amount of the aggregate interlock. Fig. 12 show strain in stirrups in beam C100-C6-3 during the last load cycle. As shown in the figure, the stirrups sustained a wide range of strain depending on their location relative to the load and support. Each stirrup was instrumented with two strain gauges. The figure shows only the strain reading from the top gauges and therefore the curve labels were marked with "T" (top) after the number of the stirrup. In addition, as shown in Fig. 13 , the response of each stirrup was different during each load cycle depending on the development of diagonal cracks. The strain in the stirrups was negligible before the development of diagonal cracks, but once cracks developed, there was a rapid increase in the strain. At the last load cycles, the residual strain was significantly reduced, and strain in the stirrups appeared to be proportional to the load with no further sudden increase, which indicted that cracking map was fully developed at that region and no new cracks intersected this particular stirrup.
Effect of Shear/Moment Interaction (a=d ) Ratio (Beams C100-C6-3, C100-C6-4, C100-C6-5, C100-C6-6, C100-S6-3, C100-S6-4, C100-S6-5, and C100-S6-6)
The a=d ratio influenced the initiation and progression of cracks for beam ends with steel and CFCC stirrups. Fig. 14 shows the relationship between the a=d ratio and both the cracking and maximum shear force. As shown in the figure, the a=d ratio influenced both the cracking and maximum shear force to the same extent. The cracking and maximum shear forces decreased with increasing a=d ratio. This decrease was accompanied by an increase in the under-load deflection and the strain in both the top flange and the longitudinal prestressing strands. As shown in Figs. 5-10, all beam ends with CFCC stirrups failed in shear compression mode by crushing of concrete: in the web in case of a=d ratios of 3 and 4, and in the top flange in case of a=d ratios of 5 and 6. The maximum stirrup strain did not seem to be influenced by the a=d ratio. Beam ends with steel stirrups exhibited a similar behavior and failure mode, with the exception that steel stirrups always exhibited a yield plateau before crushing of concrete.
For beam ends with lower a=d ratios (3 or 4), the failure geared towards the pure shear failure and, although flexural stresses existed, they did not play a major role at failure. On the other hand, the failure in beam ends with higher a=d ratios (5 or 6) inclined towards the shear-moment failure by crushing of concrete at the top flange. Because the difference in failure mode, the strain in the top flange increased with increasing a=d ratio and approached the concrete crushing strain in case of a=d ratios of 5 and 6.
Effect of Stirrup Spacing (Beams C100-C4-3, C100-C6-3, C100-C8-3, C100-S4-3, C100-S6-3, and C100-S8-3)
The change in stirrup spacing did not influence the shear cracking force for beam ends with either CFCC or steel stirrups, as shown in Fig. 15 . However, the maximum shear force was remarkably influenced by the stirrup spacing. For beam ends with CFCC stirrups at spacing of 102, 152, and 203 mm (4, 6, and 8 in.), the maximum shear force was approximately 239, 261, and 236 kN (53.8, 58.6, and 53.1 kip). The first beam exhibited premature failure attributable to construction issues. The same trend was also noticed in beam ends with steel stirrups, where the failure shear force was 303, 272, and 227 kN (68.1, 61.2, and 51.0 kip) for stirrup spacing of 102, 152, and 203 mm (4, 6, and 8 in.), respectively. The increase in the shear capacity with the decrease of stirrup spacing was attributed to the reduction in the average stirrup strain, which resulted from the distribution of the shear force on a larger number of stirrups intersected by the diagonal shear cracks. The failure strain in stirrups either steel or CFCC ranged from 3,000 to 4,000 με but had no direct relationship to the stirrup spacing. The top concrete strain and the prestressing strain at failure were mildly affected by the stirrup spacing. They tended to decrease with increasing stirrup spacing, but this was mainly attributable to the reduction in the load-carrying capacity of the section with increasing the stirrup spacing. However, a direct relationship was noticed between the stirrup spacing and the reserve shear capacity after cracking (difference between cracking and ultimate shear force). In the case of beam ends with CFCC stirrups, this difference was approximately 116 (premature), 141, and 111 kN (26.0, 31.8, and 25.0 kip) for stirrup spacing of 102, 152, and 203 mm (4, 6, and 8 in.), respectively. A similar relationship was also observed in beam ends with steel stirrups: the postcracking shear strength was approximately 167, 151, and 102 kN (37.5, 33.9, and 23.0 kip), respectively, at similar stirrup spacing.
Effect of Prestressing Force (Beams C000-C4-3, C072-C4-3, C100-C4-3, C132-C4-3, C000-S4-3, C072-S4-3, C100-S4-3, and C132-S4-3)
The cracking shear force was directly related to the effective prestressing level. In case of beam ends with CFCC stirrups, the concrete cracking shear force was approximately 42, 105, 124, and 135 kN (9.5, 23.5, 27.8, and 30.3 kip) for prestressing levels of 0, 320, 444, and 587 kN (0, 72, 100, and 132 kip), respectively. Beam ends with steel stirrups exhibited a similar trend with a cracking shear force of 49, 99, 136, and 137 kN (10.9, 22.3, 30.6, and 30.8 kip) , respectively. The maximum shear force at failure was also influenced by the prestressing level, as shown in Fig. 16 . It appears that both cracking and maximum shear forces were influenced to the same degree with the prestressing force, and the difference between maximum shear force and cracking shear force appears to be constant regardless of the prestress level.
Effect of Longitudinal Reinforcement (Beams C132-C4-3, C132-S4-3, S132-S4-3, and S132-C4-3)
The change in the material type of the prestressing strands did not promote any change in the cracking shear force. In addition, the shear force at failure was not remarkably influenced by the change in the material of prestressing strands. For instance, beam end with CFCC strands and CFCC stirrups failed at shear force of 317 kN (71.3 kip), whereas beam end with steel strands and CFCC stirrups failed at shear force of 304 kN (68.3 kip). For beam ends with steel stirrups, the failure shear force was around 309 kN (69.5 kip) and 320 kN (72.0 kip) for beams with CFCC and steel strands, respectively. The slight differences in the shear force at failure can be attributed to the difference in concrete strength. The top concrete strain fell within the range of 1,500 to 2,000 με and similar to other test beams, the maximum recorded stirrup strain ranged between 3,000 and 4,000 με.
Effect of Omitting Stirrups (Beam C132-00-3)
The investigation included testing one beam with no stirrups (C132-00-3) and comparing the results with those of beams with similar prestressing force. The beam with no stirrups failed at a shear force level of 144 kN (32.4 kip). This shear force level was slightly higher than the cracking shear force of the beams in comparison. The failure of the beam took place immediately after the development of diagonal crack. Because there was no stirrups, the shear crack widened uncontrollably and resulted in the failure of the beam. 
Theoretical Shear Capacity
The shear capacities of the test beams were evaluated theoretically using the simplified approach provided in ACI 440.4R-04 for prestressed concrete beams with CFRP stirrups and AASHTO LRFD 2012 for reinforced/prestressed beams with steel stirrups.
The following subsections provide a detailed discussion for both provisions with their major assumptions.
Nominal Shear Capacity according to ACI 440.4R-04
Standard ACI 440.4R assumes that the nominal shear strength, V n , is the summation of the shear resistance provided by concrete, V c , and the shear resistance provided by the stirrups, V frp . This is in addition to the shear strength provided by the vertical component of prestressing force in case of draped strands, V p . Therefore, the nominal shear strength V n , N (lb), can be written as The value of V c considered in ACI 440.4R is the lower level of the concrete shear resistance as provided in ACI 318-02 (ACI 2002). ACI 440.4R outlines that, because of the scarcity of test data for beams with CFRP stirrups, the concrete shear capacity cannot be extended beyond the minimum value mentioned in the preceding Eqs. (4) or (5). Similarly, the contribution of CFCC stirrups in the shear resistance was directly adopted from ACI 318-02 by replacing the yield strength of steel stirrups, f y , MPa (psi), with a corresponding permissible strength limit for CFCC stirrups, f fb , MPa (psi). The shear resistance provided by the vertical CFCC stirrups, V frp , N (lb), is given as
where A v = total cross-sectional area of the stirrups, mm 2 (in: 2 ); d = effective depth, mm (in.); and S = stirrup spacing, mm (in.).
The permissible strength of CFCC stirrups, f fb , is taken as the minimum of the tensile strength of CFCC stirrups at the bend portion or the tensile strength of CFCC stirrups corresponding to a strain of 0.2%. The choice of 0.2% as a limiting strain is to ensure a shear performance similar to that exhibited by conventional steel stirrups with a yield strain of 0.2% and to prevent excessive cracks that may lead to loss of aggregate interlock and loss of section integrity.
Nominal Shear Capacity according to AASHTO LRFD Simplified Approach
The simplified approach follows the same technique of calculating the shear strength of the section by adding the concrete shear strength to the stirrup shear strength. However, a more detailed methodology was followed to accurately estimate the concrete contribution, which was empirically assumed equal to the cracking shear strength of the concrete.
The nominal shear capacity V n , N (lb), is calculated according to AASHTO LRFD simplified approach as
V c is the lesser of V ci and V cw , where V ci = nominal shear resistance provided by concrete when inclined cracking results from combined shear and moment; and V cw = nominal shear resistance provided by concrete when inclined cracking results from excessive principal tension in the web. For instance, considering the case before the development of cracks, the principal stresses at any element through the depth of the section can be calculated using Mohr's circle as Fig. 11 . Load-deflection curves of C100-C6-3
where f 1;2 = principal stresses, MPa (psi); f x = normal stresses in the horizontal direction (the axis of the beam), MPa (psi); f y = normal stresses in the vertical direction (perpendicular to the axis of the beam), MPa (psi); and τ xy = in-plane shear stresses, MPa (psi); f y is theoretically negligible in case of beams subjected to bending and shear stresses only. Therefore, the equation of principal stresses can be written as
And the maximum principal stresses shall be taken as
Eq. (10) is valid for any element through the depth of the beam, and the first crack will develop when f 1 exceeds the tensile strength of the concrete, f t . If the tensile strength is exceeded in the web, the cracks will develop primarily as web-shear cracks, whereas if the tensile strength of concrete is exceed first in the bottom flange, the cracks will develop as flexural-shear cracks. The value of f x represents the effect of prestressing force in addition to the normal stresses attributable to the moment.
If an element is taken at the neutral axis (N.A.) of the beam, the normal stresses can be taken as the prestressing force divided by the 
where f cpe = compressive stress in concrete attributable to effective prestressing, MPa (psi); M dnc = total unfactored dead load moment acting on the monolithic or noncomposite section, N · mm (lb · in:); S c = section modulus for the extreme fiber of the composite section where tensile stress is caused by externally applied loads, mm 3 (in: 3 ); S nc = section modulus for the extreme fiber of the monolithic or noncomposite section where tensile stress is caused by externally applied loads, mm 3 (in: 3 ); and f r = modulus of rupture of concrete, f r ¼ 0.52
The contribution of the stirrups was calculated based on an angle of compression strut, θ, flatter than 45°when V cw is less than V ci . The angle θ is calculated from Mohr's circle as
The expression was later simplified to a linear equation, and the tensile strength of the concrete f t was conservatively taken as 0.32
In addition, an upper bound of 1.8 was imposed on cot θ so that the strut angle cannot become flatter than 29°for design purposes. However, for high-moment and high-shear regions, diagonal cracking in flexural-shear zones was believed to occur at lower shear stress with a steeper cracking angle, therefore cot θ was taken equal to 1.0 (θ ¼ 45°) when V ci < V cw .
In its simplified format, the shear resistance by steel stirrups V s is given as
where
Experimental versus Theoretical Shear Capacity
The experimental shear capacities of beams with CFCC stirrups were compared with the nominal shear capacities according to the shear provision in ACI-440.4R-04. Similarly, the shear capacities of beams with steel stirrups were compared with the nominal shear capacities according to the simplified shear design method provided in AASHTO LRFD. The following subsections present a brief description for the comparison along with a proposed adjustment for both shear provisions.
Nominal Shear Capacity according to ACI 440.4R-04
As shown in Table 4 , according to ACI 440.4R-04, the concrete shear resistance V c for the test beams was constant at 37 kN (8.3 kip). This is considering an average f 0 c of 62 MPa (9,000 psi), a web width b w of 76 mm (3 in.), and a shear depth d of 371 mm (14.6 in.). On the other hand, V frp was calculated based on stirrup strength of 300 MPa (43.4 ksi) (corresponding to a strain of 0.2%) as the strength of the bend portion was experimentally proven higher than this stress limit. The nominal shear capacity according to ACI-440.4R, V n , was much less than the experimental shear capacity, V u , in all test beams. The ratio V u =V n ranged between 1.2 and 2.4 with an average of 1.8 and a standard deviation of 0.313 (beam C132-00-3 was excluded). The nominal shear resistance according to ACI-440.4R-04 accounts for the stirrup spacing but ignores both the a=d ratio and the prestressing level.
Nominal Shear Capacity according to AASHTO LRFD Simplified Approach Table 5 shows the nominal shear resistance V n of the section according to the simplified approach. As shown in the table, V cw for all test beams was less than V ci . Therefore, V cw was the governing concrete shear-cracking strength, and the angle of compression strut was flatter than 45°. However, the nominal shear capacity of the section V n was higher than the experimental shear capacity, V u , in all test beams. The ratio V u =V n ranged between 0.68 and 0.98 with an average of 0.826 and a standard deviation of 0.097. Overall, the results of the simplified approach was better than those of the ACI 440.4R-04. The value of V ci in the simplified approach showed a good correlation to the experimental cracking shear force. In addition, the nominal shear capacity for the section 
was ignored. The value of V ci was found to be always less than V cw . In different words, all the specimens in the current investigation failed because of flexuralshear cracking rather than web-shear cracking. Further, the values of V ci calculated using the proposed modified equations matched very well with the reported experimental cracking shear force. The prestress loss was taken as 15% for all test beams.
As shown in Tables 4 and 5 , the simplified approach with the proposed modification predicts with good accuracy the ultimate shear strength of the test beams provided with either CFCC or steel stirrups. In case of beams with CFCC stirrups, the ratio V u =V n mod ranged between 0.74 and 1.07 with an average of 0.945 and a standard deviation of 0.107 and, on the exclusion of the prematurely failed beam (C100-C4-3), the average increases to 0.97 with a corresponding standard deviation of 0.088. The shear resistance provided by CFCC stirrups was calculated based on a strain limit of 0.35% as given by AASHTO LRFD (section 5.8.2.5), which appears to be a reasonable estimate for the maximum allowable strain in CFRP stirrups. For sections with conventional steel stirrups, the use of the yield strength (with a yield strain of 0.2%) as the limiting stirrup strength remains adequate as it yielded reasonable estimate for the nominal shear capacity of the test specimens. In case of beams with steel stirrups, the ratio V u =V n mod ranged between 0.90 and 1.09 with an average of 1.00 and a standard deviation of 0.064. Overall, V n mod in the proposed approach showed good correlation with the experimental results, and it corresponded well to the shear parameters including stirrup spacing, a=d ratio, and prestressing level.
In the light of current experimental study, it was not possible to comment on the calculation of the angle of compression strut when V cw is governing, but it may remain as recommended by current AASHTO LRFD simplified approach until further evaluation is available.
The research team faced a significant difficulty adopting a closer stirrup spacing than 102 mm (4 in.). As shown in Tables 4 and 5 , the shear strength of beams with stirrup spacing of 4 in. failed on the unconservative side with respect to the calculated average shear capacity using the proposed simplified approach. The authors believe that the reduced shear capacity with stirrup spacing of 102 mm (4 in.) can be attributed to constructability issues; the thickness of the web in the test specimens was limited to 76 mm (3 in.). Further, every stirrup in the shear span was instrumented with two properly insulated strain gauges. The tight spacing between the stirrups and the insulation of the strain gauges resulted in a slight disturbance in the compression struts and slightly lowered the shear strength of the section. This is clearly manifested in the premature failure of beam C100-C4-3. The simplified approach of AASHTO LRFD provides a limit for the maximum shear strength as 0.25f 0 c b v d v to guard against crushing of the web or the diagonal compression failure. Hawkins et al. (2005) provided a detailed discussion for this limit and suggested a limit of 0.18f The maximum experimental shear strength obtained through the experimental investigation was 320 kN (72 kip) in beam S132-S4-3, which corresponded to a limit of 0.2f 0 c b v d v . It seems that the limit of AASHTO LRFD tends to be unattainable, at least for the current test specimens, where stirrup spacing less than 102 mm (4 in.) was not feasible to adopt and where premature failure already took place at a smaller stirrup spacing (beam C100-C4-3).
Conclusions
Based on the results from the experimental investigation, the following main conclusions are drawn:
1. The flexural-shear cracking is directly related to the level of the prestressing force and shear span-to-depth ratio. The flexural-shear cracking force can be estimated with good accuracy by evaluating the moment under the load (maximum moment) with respect to the cracking moment of the section calculated using the modulus of rupture for concrete. 2. The failure mode of all test beams took place as a result of the excessive flexural-shear cracks and the loss of concrete shear carrying capacity. The stirrup strain at failure in all test beams ranged between 3,000 and 4,000 με. On the other hand, test results of CFCC stirrups revealed that the allowable failure strain at the bend location is approximately 0.68% for r b =d b ratio of 2.0. The failure strain at the bend location is much higher than the stirrup strain in the test beams at failure. Therefore, it is suggested that rupture of CFCC stirrups at bend location is highly unlikely. 3. The current investigation showed that sections with CFCC stirrups lost their integrity and failed at shear strain of approximately 3,500 με, the strain limit given by AASHTO LRFD. 4. The performance of beam ends with CFCC stirrups did not differ significantly from those with steel stirrups with the exception that steel stirrups experienced a yield plateau, whereas the CFCC stirrups did not. Instead, the strain in CFCC stirrups increased linearly until the failure of the section. Neither the cracking nor the ultimate shear carrying capacity varied significantly between steel and CFCC stirrups. 5. It is highly recommended that current CFRP shear design guidelines (ACI 440.1R-06 and ACI 440.4R-04) be revised following similar steps of common design guidelines such as AASHTO (2012), with some adjustments as presented and discussed in the proposed approach. 6. The calculation of the flexural-shear and the web-shear cracking forces in the simplified approach given in AASHTO LRFD needs to be revised as given in this manuscript to avoid the overestimation for the shear resistance of sections with either steel or CFRP stirrups.
